Abstract: A reflective fiber optic sensor based on multimode interference for the measurement of refractive index variations in glucose aqueous solutions is proposed. The sensor is fabricated by splicing a short section of coreless silica fiber to standard single mode fiber. The influence of the coreless fiber dimensions on the sensor performance is analyzed. By changing the sensor length, no significant impact is observed. However, the reduction of the sensing head diameter leads to a large improvement of the sensitivity. The smaller sensor, with a length of 5 mm and a diameter of 24 μm, presents a maximum sensitivity of 1467.59 nm/RIU, for the refractive index range between 1.364 and 1.397 RIU. Taking into account the acquisition system, a maximum theoretical resolution of 6.8 × 10 −5 RIU is achieved.
Introduction
The multimode interference (MMI), as typically example the single mode-multimode-single mode (SMS) structure, has been explored as an attractive technology on optical communications and sensing. Due to the clear advantages of simplicity, low-cost, facility of manufacture, and high repeatability, it emerges as an alternative to existing fiber-based refractometers [1] , or for strain measurement with temperature compensation [2] , curvature sensing [3] or in edge filtering for wavelength measurement [4] . The subjacent operating principle of this kind of sensors is the MMI excited between modes in the multimode fiber (MMF) section, which can be influenced by external perturbations [5] , [6] . To perform refractive index sensing based on the SMS fiber structure, different techniques have been reported. For instance, a MMF core section was sandwiched between two single mode fibers (SMFs), where the MMF cladding was removed through chemical etching [1] . Zhao et al. proposed a sensor composed by two sections of SMF and one section MMF, with high sensitivity to refractive index [7] . Jung et al. reported a compact surrounding refractive-index sensor Fig. 1 . Schematic diagram of the sensor structure, where n 1 is both the refractive index of the SMF cladding and the coreless fiber, n 2 and n s are the refractive index of SMF core and surrounding medium; L CSF and D CSF are the coreless fiber length and diameter, respectively, and Z is the evanescent field penetration depth.
using a multimode-coreless-multimode structure [8] . A SMS fiber structure used in combination with a uniform Bragg grating [9] and an enhanced evanescent field fiber sensor based on a tapered MMF sandwiched between two SMFs [10] have also been reported for refractive index measurement. Regarding the use of a coreless silica fiber as sensing device, some works have also been reported for the measurement of refractive index [11] and temperature [12] , however the measurements were usually based on a transmission scheme [13] , [14] .
In many fields such as disease diagnosis, clinical analysis and quality monitor in food industry, the rapid and precise detection of glucose concentration is vital. In particular, the abnormal body blood glucose level monitoring is critically essential for human health [15] . The significance of glucose detection and potential commercial value has attracted constant effort on research. One of the used key methods for glucose sensing is centered on fluorescently labeled sensing schemes, which employ changes in fluorescent intensity to reflect sample concentration [16] , but the short lifetime of fluorescent agents and the high cost of enzymes limit their further development and application in biosensing [17] . For that reason, the development of low-cost and robust sensing methods is highly desirable. A surface plasmon resonance fiber sensor based on a multimode plastic clad silica fiber was coated with silver and silicon films. Glucose oxidase was immobilized at the fiber surface for the detection of low levels of glucose [18] . A long period fiber grating coated with enzyme was firstly proposed by Deep et al. for the measurement of glucose. A linear relationship was found in the range of 10-300 mg dL −1 [19] . The same immobilization technique was used on a fiber with an 81°tilted Bragg grating (TFBG). A low temperature cross-talk, good linearity and Q-factor was achieved in the proposed glucose sensor [20] . A glucose sensor based on enzymatic graphene oxide functionalized TFBG was also proposed. The analytical range considered was of 0-8 mM, which contains the biological region for human blood glucose levels [21] .
In this work, a multimode fiber tip interferometer based on an etched coreless silica fiber is proposed for the measurement of the refractive index variations of glucose aqueous solutions. A comparison between the performance of sensors with similar diameters and different lengths, and similar lengths and different diameters is performed.
The reflection configuration has several advantages over the inline MMIs. On one hand, the length is reduced by half, since light is reflected at the coreless end face and recoupled to the single mode fiber. On the other hand, the cleaning procedure is easier, smaller amounts of analyte can be employed, the sensing structure becomes less fragile, even after etching, and it can be placed at a long distance regarding the acquisition system, thus becoming a good alternative in harsh environments where refractive index or concentration variations need to be monitored.
Sensor and Operation Principle
The sensing device developed in this work consists on a short section of coreless silica fiber (CSF) spliced to single mode fiber (SMF), as shown in Fig. 1 . Light is guided through the SMF and when it enters the coreless fiber section, several modes are excited and guided until the fiber end section is achieved. Due to the Fresnel reflection, a small fraction of the light is reflected and recoupled once again to the SMF fundamental mode.
The interference wavelength, λ 0 , can be expressed according to Eq. 1 [22] :
where n 1 , D CSF , and L CSF are the CSF refractive index, diameter, and length, respectively, whereas p is the interference number. One of the important characteristics of a multimode interferometer (MMI), is that λ 0 can be easily designed to be in the wavelength region used, by selecting the appropriate dimensions [22] . When p = 4, the self-image is formed due to the constructive interference between several guided modes, and the sensor presents lowest losses [13] . However, at different interference numbers, even though no self-image is present, the constructive interference between two consecutive modes with high coupling efficiency can originate a spectrum that, although with higher losses, is still suitable to perform measurements. From Equation 1, there is no obvious dependence of the wavelength with the external medium. However, if one considers the evanescent field generated at the CSF/external media interface, the diameter can be considered as an effective value of D + 2Z, where Z corresponds to the penetration depth. This parameter is given by Eq. 2 [12] ,
where n s is the surrounding medium refractive index and θ is the incident angle at the CSF/surrounding medium interface, as shown in Fig. 1 . As the environmental refractive index changes, the propagation constants for each guided mode within the CSF will change too, which leads to shifts in the output spectra, owing to the direct exposure of the CSF [23] .
To determine the influence of both CSF length and diameter on the sensitivity of the developed sensors, the previous equations were combined and solved in order to obtain the wavelength dependence on refractive index. The CSF refractive index was considered to be 1.444 at 1550 nm, and θ was estimated to be 84.94° [24] . In the first part of the simulation, the diameter was fixed to be 125 μm, and the length varied between 28.2 mm and 50.0 mm (Fig. 2(a) ). In the second part, the length parameter was kept constant (5 mm), and the diameter was changed between 125 μm and 24 μm (Fig. 2(b) ). The interference order p was estimated using Equation (1), for an operation wavelength within the 1550 nm range. As can been seen in the simulation results, the wavelength shift increases non-linearly with the surrounding refractive index. This behavior is expected until the refractive index of the external medium becomes close to the one of the CSF. In this case, the total internal reflection condition ceases to exist, and no light is expected to be reflected at in the sensor region. In Fig. 2(a) , there is no direct correlation between the CSF length and the wavelength shift. However, if the ratio between L CSF and p is taken into account, the relationship becomes clearer: larger values of L CSF /p lead to lower sensitivities. For instance, a 36.8 mm long sensor (L CSF /p = 7.36) has a similar response to the one with a length of 43.9 mm (L CSF /p = 7.32), whereas the sensors with lengths of 50.0 mm (L CSF /p = 7.14) and 28.2 mm (L CSF /p = 7.05) are more sensitive than in the previous cases. This ratio can be used to maximize the sensors sensitivity, according to the desired application. Nevertheless, in this case no significant changes are observed in the sensors response, meaning that the variation of length does not play a decisive role in the sensitivity. However, the smaller the diameter, the more significant becomes the evanescent field, which translates into higher sensitivities. Figure 3 presents the scheme of the experimental setup used in this work, both for the refractive index measurements in liquid media and for the temperature experiments. The sensing structure spectral response was observed in a typical reflection scheme, by connecting the broadband optical source (bandwidth of 80 nm, centered at 1570 nm), the sensing head, and the optical spectrum analyzer (OSA Anritsu MS9740A) to the three ports of an optical circulator. The readings were performed with a resolution of 0.1 nm.
Results
A series of glucose aqueous solutions were prepared under a controlled laboratory environment, with glucose mass fractions ranging from 0 wt.% to ∼45 wt.%. A magnetic stirrer (NAHITA, magnetic stirred, model n°690/1) was used to dilute the glucose in the deionized water. After the preparation, the samples were stored for 24 hours, to allow their stabilization. The refractive index experiments were carried out at room temperature (∼23°C), under a controlled environment. The sensor was inserted vertically in the different solutions with the aid of capillary glass tube. However, the sensing area was kept outside this tube, in direct contact with the measurand. This setup ensured the sensor robustness as well as the stability of the fiber inside the liquid. Figure 4 presents the shifts in the reflection spectra due to the direct exposure of the CSF under different percentages of glucose, for one sensing head with a diameter of 125 μm and a length of 59.6 μm (sensor 1). With the increase of the mass fraction, not only the amplitude of the reflected spectra changes, but there is also a notorious wavelength shift. This is related to the increase of the solutions refractive index with the increase of glucose concentration in the aqueous solution.
The refractive index of each solution was measured using an Abbe refractometer (Krüss optronic refractometer), that provides information in the spectral visible range (λ = 589 nm). Since the optical source used in the experiments was centered in the 1550 nm region, it was necessary to first calibrate the solutions and thus estimate the refractive index at this wavelength range. This was achieved by subjecting sensor 1 to previously calibrated glycerin aqueous solutions, where the refractive index at 1550 nm has been determined [25] . The wavelength shift ( λ) dependence on refractive index (n), shown in Fig. 5(a) , was adjusted by the second order polynomial (Eq. 3):
with a correlation factor of 0.998. The same sensor was then evaluated for each glucose-water mixture and, by using the previous equation, it was possible to convert wavelength variations into refractive index. Fig. 5(b) shows the relation between refractive index and mass fraction for the glucose solutions at the two wavelength regions considered. It is possible to observe that in both cases the behavior is similar. A third-order polynomial fit was applied to the data, according to Eq. 4:
where w indicates the solubility range as weight fraction, whereas A, B, C, and D are the fitting parameters. The values are gathered in Table 1 . Four sensors with lengths ranging from 28.2 mm to 50.0 mm were fabricated. Considering the refractive index of the CSF to be 1.444, and the operation wavelength in air of ∼1530 nm, p was estimated to be between 4 and 7. Although the self-image occurs at p = 4, and lower losses are obtained, the sensors revealed to be adequate to perform refractive index measurements. The results are shown in Fig. 6 . As expected, in all cases the behavior is non-linear, following the tendency described in Section 2. Furthermore, it is observed that there are no significant changes regarding the sensor sensitivity. Two different linear regions were considered to estimate the sensors sensitivity, k n . The first region, for lower refractive index variations, ranges from 1.316 RIU and 1.353 RIU, whereas the higher refractive index variations were considered between 1.364 RIU and 1.397 RIU. The sensitivities attained are shown in Table 2 , where D CSF and L CSF are the CSF diameter and length, respectively. The length of the sensing device can be a limiting factor in practical applications. When using sensors with several centimeters in length, not only the sensors become more fragile, but also larger sampling volumes are required, since the liquid must be in contact with the whole sensing structure. However, in order to have a reflection spectrum with a peak in the 1550 nm region, and considering smaller lengths, it is necessary to reduce the fiber diameter as well. Besides, as it was observed in Section 2, an increase of the sensor sensitivity is expected with the decrease of the diameter. To further test the sensing performance and evaluate the practicability of these sensors, four different samples with a length of ∼5 mm were produced. Three of these sensors were subjected to wet chemical etching using a 40% hydrofluoric acid (HF) solution. To obtain a structure with a nearly constant core diameter over its length, as well as a smooth surface, the HF solution was placed inside an ultrasound bath at room temperature.
A preliminary experiment was performed to determine the etching rate. A sample of CSF was submerged in liquid HF, at room temperature, for a few minutes, after which it was removed from the solution and cleaned thoroughly with ethanol. A microscope picture was taken to estimate the CSF diameter. The sample was once one again placed in the etching solution for a few additional minutes and the process was repeated. An etching rate of 1.63 μm/min was determined. Figure 7 presents the wavelength dependence with the refractive index variations for the sensors with different CSF diameters, which ranged from 125 μm to 24 μm, translating into p values between 1 and 19. As observed for the non-etched sensors, a non-linear response is obtained. However, in this case, the difference between each sensor response is more significant and, as expected, the sensor with a smallest diameter presented the highest sensitivity. Once again, two different ranges can be considered, between 1.316 RIU and 1.353 RIU, and between 1.364 RIU and 1.397 RIU. Table 2 summarizes the sensitivities to refractive index (k n ) obtained for each sensor, in both regions considered. As can be seen from the results, as the diameter of the CSF decreases, the sensitivity increases, in both ranges presented. The thinnest sensor is 8.3× more sensitive than the one with largest diameter, for the higher refractive index range. Considering the sensor with the highest sensitivity and the OSA resolution, a maximum theoretical resolution of 6.8 × 10 −5 RIU is achieved [26] . The results indicate that it is possible to tailor the sensor dimensions according to the desired sensitivity and to the application. Larger sensors, on one hand, do not exhibit high sensitivities, and require higher volume samples. On the other hand, smaller sensors present better responses. However, as the diameter decreases, the fiber becomes more fragile. In such case, and considering a practical application, a suitable package should be developed to ensure robustness of the sensor. Nevertheless, in all cases the sensors presented a fast response and were very stable in the liquid media.
The temperature response was measured by placing the sensor with a diameter of 125 μm and with a length of 43.9 mm, in a tubular oven with a resolution of 1°C. The temperature was increased in steps of 100°C, until 700°C, and maintained for about 20 min at each step to make sure that the temperature in the oven had stabilized. Fig. 8(a) presents the sensor response towards this parameter. It exhibited thermal dependence of 6.8 pm/°C, with a correlation factor of 0.978. The sensitivity towards temperature is essentially due to the silica thermal expansion, being comparable to that of a fiber Bragg grating [27] . The sensor stability was evaluated by placing the sensor in the water solution, at room temperature, for 90 minutes. The spectrum was acquired every 30 seconds. The peak wavelength variations with time, is shown in Fig. 8(b) . The mean value was of 1535.86 nm and the standard deviation was of 0.01 nm. During the experiment, the temperature fluctuations were of 0.2°C. The proposed sensor revealed high stability, the results are reproducible, and the cross-sensitivity was determined to be 7.1 × 10 −5 RIU/ • C.
Conclusion
In summary, a high-sensitivity reflective optical fiber sensor based on coreless silica fiber for the measurement of refractive index variations in glucose aqueous solutions was proposed. The sensor was fabricated by splicing standard single mode fiber to a short section of coreless silica fiber (CSF). Firstly, four sensors with the same diameter and different lengths were used to perform refractive index measurements. It was observed that the CSF length has no significant influence on the sensitivity to external medium variations. The influence of the sensor diameter was studied by using four samples with similar lengths. Three of such samples were subjected to wet chemical etching using a 40% hydrofluoric acid solution, to decrease their diameter. It was observed that as the diameter decreased, the sensitivity increased significantly. In fact, the sensor with the smaller diameter presented a maximum sensitivity of 1467.59 nm/RIU, for the refractive index range between 1.364 RIU and 1.397 RIU. By reducing the structure diameter, an enhancement of ∼8.3× was achieved. In practical applications, the sensitivity to temperature should be compensated with a suitable method. The developed structure has attractive advantages, such as simple structure, fast response and stability. It has possibilities to expand in various sensing applications, where the use of only a fiber tip can be a better alternative to inline multimode interference sensors.
